axons of various hippocampal neurons are myelinated mainly postnatally, which is important for the proper function of neural circuits. Demyelination in the hippocampus has been observed in patients with multiple sclerosis, alzheimer's disease or temporal lobe epilepsy. However, very little is known about the mechanisms and exact functions of the interaction between the myelinmaking oligodendrocytes and the axons within the hippocampus. this is mainly attributable to the lack of a system suitable for molecular studies. We recently established a new myelin coculture from embryonic day (e) 18 rat embryos consisting of hippocampal neurons and oligodendrocytes, with which we identified a novel intra-axonal signaling pathway regulating the juxtaparanodal clustering of Kv1.2 channels. Here we describe the detailed protocol for this new coculture. It takes about 5 weeks to set up and use the system. this coculture is particularly useful for studying myelin-mediated regulation of ion channel trafficking and for understanding how neuronal excitability and synaptic transmission are regulated by myelination.
IntroDuctIon
The hippocampus, a major component of the mammalian brain, belongs to the limbic system. It is a paired structure with mirrorimage halves in the left and right sides of the brain. In humans, the hippocampus is located inside the medial temporal lobe beneath the cortical surface. The hippocampus plays important roles in higher brain functions, most notably the consolidation of short-term memories to long-term memories. The hippocampus directly contacts the amygdala, allowing emotional responses to memory. In addition, the hippocampus is involved in spatial recognition and navigation. It helps us remember where we are and how to get there. It is believed that the long-term potentiation of synaptic transmission between neurons is a major underlying mechanism of neural plasticity, which is critical for these important functions of the hippocampus.
Hippocampal neuron cultures have been widely used as an important model system for cell biological studies of the central nervous system (CNS) [1] [2] [3] . One reason for its popularity may be its feasibility. Dissociated hippocampal neurons can be cultured in multiple different ways in chemically defined medium. Unlike some other types of neurons, such as cerebellar Purkinje neurons, hippocampal neurons can survive by themselves in a culture dish in the absence of other types of cells. This may reflect the fact that neurons in the hippocampus are densely packed in vivo, leaving limited space for other types of cells. Hippocampal neuron cultures are used for studying the following: neuronal survival and polarity; dendrite and axon morphogenesis; trafficking of receptors and ion channels; and synapse formation [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The hippocampus contains many myelinated axons not only including those projecting into or out of the hippocampus, but also those within the hippocampus 15, 16 . As it is widely accepted that myelin enhances the speed and efficacy of axon conduction, myelination of hippocampal axons may profoundly affect learning and memory via regulation of the information processing in neural circuits. Demyelination in hippocampal lesions, observed in patients with multiple sclerosis, Alzheimer's disease, temporal lobe epilepsy or psychotic disorders, may play an important role in pathogenic processes [17] [18] [19] [20] . However, very little is known about the mechanism of hippocampal myelination mainly because of the lack of a suitable system for molecular studies.
Myelination coculture systems
Several different myelin culture systems have already been described. The most sophisticated ones are the myelin cocultures composed of purified sensory neurons (dorsal root ganglion neurons or retinal ganglion neurons) and oligodendrocyte precursor cells (OPCs) 21, 22 . A major advantage of these cocultures is that the cells involved, including neurons and OPCs, are close to homogenous, which allows for analysis of gene expression profiles by microarrays. However, these cocultures involve sophisticated purification and maintenance techniques for multiple types of cells. These procedures use expensive reagents (such as growth factors) and are labor intensive. The myelin coculture of spinal cord neurons and oligodendrocytes includes the culture of an astrocyte feeding layer and subsequently involves seeding embryonic cells dissociated from rodent spinal cord 23, 24 . This method provides a valuable tool to investigate myelination/demyelination of spinal cord motor neurons, but the culture also contains other types of cells. Finally, the mixed myelin culture containing cortical neurons and oligodendrocytes was described 25 . This method uses the cortical tissue of rodent embryos at E15, in which different types of cells are all mixed together. Here we describe a relatively simple method of CNS myelin coculture, which is composed of hippocampal neurons and oligodendrocytes. This coculture does not require cell purification via immunopanning, but allows the examination of the different roles of neurons and oligodendrocytes in myelination.
Experimental design
The culture protocol detailed here has three major sections: hippocampal neuron culture, coculture of hippocampal neurons and oligodendrocytes, and analysis of the neuronal function and the effect of myelination.
In the first section, we use perhaps the simplest neuron culture currently available, which we have been using successfully Myelination of rodent hippocampal neurons in culture for more than 10 years 7, 9, 10, [26] [27] [28] . This culture involves dissecting rat E18 embryos ( Fig. 1) and culturing the neurons for up to 6 weeks in a chemically defined medium (Fig. 2) . In contrast with the classic Banker culture 29 , an astrocyte feeding layer is not used in this protocol. In the next section of the protocol, after the hippocampal neurons reach 14 days in vitro (14 DIV), oligodendrocytes and precursor cells dissociated from cerebellum and brain stem of rat E18 embryos ( Fig. 1) are seeded onto the culture (Fig. 2) . Initially, individual hippocampal neurons (>14 DIV) and developing oligodendrocytes with multiple processes can be clearly identified (Figs. 2 and 3a, respectively) . At later stages, all of the cells are densely mingled together. Although it becomes more difficult to do so, hippocampal neurons can still be identified because of their large soma and proximal dendrites (Fig. 2) . The unequivocal identification of individual neurons and oligodendrocytes often requires immunostaining. Myelination starts between 1 and 2 weeks of coculture (21-28 DIV) and peaks around 35 DIV. In this period, the myelin coculture is ready for use, although not all oligodendrocytes become fully mature (Fig. 3) . Even after 3 weeks of coculture, about one-third of myelin basic protein (MBP)-positive cells have multiple myelin segments, and one-third have one or two segments (Fig. 3 ) 30 . Axons of hippocampal neurons transfected with YFP before coculture can be myelinated (Fig. 4) . Those mature oligodendrocytes with multiple myelin segments can be revealed by the fluorescence of viral (adeno-associated virus serotype-9)-mediated expression of green fluorescence protein (GFP) (AAV9-GFP) in these cells and the immunostaining for endogenous MBP (Fig. 5a,b) . Each mature oligodendrocyte has multiple myelin segments that are both GFP and MBP positive (Fig. 5a,b) . In contrast, the soma of these cells only expresses GFP but not MBP (Fig. 5a,b) . This is consistent with the MBP distribution pattern in vivo, in which MBP is only present in the processes but not in the soma of myelinating oligodendrocytes. Images of transmission electron microscopy further show myelin membranes wrapping around axons with varied degrees of thickness and compactness in vitro (Fig. 5c) . The variation may be due to in vitro unsynchronized development of neuron and myelin in culture, and possible intrinsic variability of gray matter myelination. Furthermore, myelin clusters the endogenous axonal Kv1.2 channels in hippocampal neurons 30 . Nodes of Ranvier and heminodes can also be observed 30 . 
Applications of the protocol
This system can be useful for many different research projects. One example is the study of myelin-mediated regulation of trafficking and targeting of axonal ion channels, as shown in our previous published works 30, 31 . This system can also be used to determine the factor(s) involved in regulating the interaction between oligodendrocytes and axons, and the efficacy of myelination, comparing the results from other myelin cocultures. Molecular mechanisms underlying the potential myelin-mediated regulation of intraaxonal trafficking of cellular organelles, such as mitochondria, and the targeting of other axonal proteins, can also be pursued with the system. Furthermore, the impact of myelin on neuronal function can be examined by using patchclamp recordings or imaging techniques, which are currently used with the regular neuron culture 10, 28 . Finally, this coculture system can be further developed to perform large-scale high-throughput drug screens.
Limitations of the protocol
Despite important potential applications of this system, there are still some limitations. To our knowledge, this protocol is already the simplest among myelin cocultures. There is no astrocyte feed- ing layer for hippocampal neurons and no purified OPCs (via immunopanning) are required. Nonetheless, making this coculture is still a lengthy process. Myelin segments can only be observed after at least 1 week of coculture. In the end, many axons in the coculture remain unmyelinated and many oligodendrocytes still do not fully mature (Fig. 2) 30 . Finally, this coculture includes a lengthy procedure and is certainly not the easiest one, but a technician with reasonable cell culture background and some patience can still successfully set up the whole system within a relatively short period of time.
MaterIals

REAGENTS
Poly  crItIcal Make a 5× stock without MgCl 2 and store it at 4 °C. When you are ready to use it, dilute the stock to 1× and add 1 M MgCl 2 to obtain a final
concentration of 5 mM. The 1× solution can also be stored at 4 °C for up to 6 months. Enzyme digestion solution Mix 1× SLDS with 3 mg ml − 1 proteinase 23.  crItIcal Make 3-ml aliquots and store them at − 20 °C for up to 6 months. Plating medium Mix MEM with 10% (vol/vol) FBS, 0.45% (vol/vol) glucose, 1 mM sodium pyruvate, 25 µM glutamine and 1× penicillinstreptomycin. Filter-sterilize the medium through a 0.22-µm filter and store it at 4 °C for up to 3 months. Maintenance medium Combine neurobasal medium with 2% (vol/vol) 50× B-27 supplement, 0.5 mM glutamine and 1× penicillin-streptomycin. Filter-sterilize the medium through a 0.22-µm filter and store it at 4 °C for up to 3 months. 3| Bake the washed coverslips at 250 °C for 6 h.
4|
Place one small or large coverslip in each well of a 24-well or 6-well plate, respectively.  crItIcal step Perform all of the following steps in a tissue culture hood.
5| Add 30 µl of coating solution onto each coverslip in the 24-well plate, and 100 µl onto each coverslip in the 6-well plate, and swirl to coat the coverslips.
6|
Wait for ~10 min, add 1 ml of sterile PBS and then incubate at 4 °C overnight.  crItIcal step Coating will not be optimal if the PBS incubation is less than 10 h or longer than 2 d.  pause poInt If coverslips are not used immediately after overnight PBS incubation, aspirate the PBS/coating solution, allow the cover slips to air-dry in the hood with the UV light on (~2 h), seal the plates with Parafilm and store them at 4 °C for up to 1 week.
Dissociating and culturing hippocampal neurons • tIMInG 2-3 h 7|
Remove PBS from plates and allow them to air-dry in the hood with the UV light on.
8|
Thaw the enzyme digestion solution and warm the plating medium to 37 °C.
9|
Place a few layers of paper towels in a plastic bag (for the carcass) and arrange surgical items on a clean surface near the dissection microscope.
10| Take a pregnant female rat (E18) out of the animal facility, euthanize it by CO 2 inhalation (~15 min) followed by cervical dislocation, and then use the large scissors to make an incision in the lower abdomen of the rat. Use the large scissors to cut open the abdomen and the large forceps to pull out embryos (6-12 embryos is normal). Cut the connecting tissue away and place the embryos in an empty Petri dish on the countertop, and dispose of the carcass.
11| Add SLDS to two Petri dishes, one on ice and the other on the microscope.
12| By using small forceps, open the embryonic sac and hold the first embryo at the neck. Use the other forceps to peel back the skin and reveal the skull.
13|
By following the midline of the brain, use forceps to impale the skull and peel it back.  crItIcal step Try not to injure the brain tissue.
14|
Use the spatula (treated with SLDS solution) to carefully remove the brain (both cerebrum and cerebellum) and place it in the SLDS buffer in a Petri dish on ice. Repeat Steps 12-14 until 8-10 brains are collected.
15|
Transfer one brain to the SLDS solution in the Petri dish on the dissection scope and use the forceps to remove the cerebellum. Cut the cerebrum in half and remove the meninges from around the brain. At this point, the brain should go from a red/pink color to a white color (Fig. 1c,d ).
16| Next, flip the cortical hemisphere onto its side with the inner surface facing up, and then use forceps to cut away the large inner area of the brain (Fig. 1d,e) .
17|
Once the cortex has been cleaned, a C-shaped area should be revealed. This is the hippocampus. By using forceps, hold the cortex steady, remove the hippocampus and carefully transfer the hippocampus into a new Petri dish filled with SLDS on ice. Repeat Steps 15-17 to remove hippocampi from the other brains. Place all hippocampi in a single SLDS-filled Petri dish.
18| By using a 1-ml pipette, suck up the hippocampi and place them in a 15-ml conical tube. Let the hippocampi sink to the bottom of the tube and remove extra SLDS solution with a pipette.
19| Add 3 ml of enzyme digestion solution (30 hippocampi per 3 ml of enzyme digestion solution) to the tube and place it in a 37 °C incubator for 15 min.
20|
Under the culture hood, add 10 ml of plating medium to the 15-ml tube containing 3 ml of enzyme digestion solution and hippocampi sitting at the bottom of the tube. Wait until the hippocampi settle to aspirate and discard the wash, and then add another 10 ml of plating medium to the tube. Aspirate and discard the second wash and add another 10 ml of plating medium. The hippocampi will be dissociated in the final 10 ml.
21| By using a glass pipette and rubber bulb (balloon), suck up hippocampi and forcefully expel them. Do this approximately 40 times until the solution is cloudy.  crItIcal step To prevent neuron death, do not do this more than 50 times. Avoid creating air bubbles.
22| Count cells using a hemocytometer.
23| Dilute the dissociated neurons in plating medium as follows: 1 ml per well of the 24-well plate (~10 5 cells per well), or 3 ml per well of the six-well plate (approximately 3 × 10 5 cells per well). We estimate that three or four hippocampi are needed for each 24-well plate. A cell density of 3 × 10 4 cells per well is used for the low-density culture, but it is normally not used for the myelin coculture. Incubate cells in the plating medium for 2-4 h at 37 °C. Then replace the medium with prewarmed maintenance medium and continue to culture at 37 °C for 2 d.
Maintaining hippocampal neuron culture • tIMInG ~14 d 24| After 2 d of culture, replace half of the maintenance medium with 2 µM Ara-C (Ara-C inhibits the growth of fibroblasts, endothelial cells and glial cells), so that the final concentration of Ara-C is 1 µM. As neurons are postmitotic cells, Ara-C is used to eliminate or inhibit proliferating cells in the dish, such as fibroblasts and glial cells. ? trouBlesHootInG 25| After 2 d of culture with Ara-C, replace the medium with fresh maintenance medium.
26|
Continue to culture the neurons, replacing medium every 3 d. As the neuron culture ages, to retain optimal growth the volume of replaced medium should change. In our experience, before 10 DIV, neurons can survive 100% medium replacement. Between 10 DIV and 20 DIV, we replace 50% of the culture medium. To make the myelin coculture, culture neurons at 12 DIV and proceed to Step 27. If you wish to continue culture of hippocampal neurons in isolation, continue to replace the medium every 3 d. Hippocampal neurons can be maintained for up to 5-8 weeks; however, the tolerance to medium replacement continues to diminish. Thus, after 20 DIV, we replace only 25-40% medium at each medium replacement. ? trouBlesHootInG seeding with cells dissociated from the cerebellum and brain stem onto cultured hippocampal neurons • tIMInG ~2 h 27| Two days before seeding cells from cerebellum/brain stem onto 14 DIV hippocampal neurons, change half of the maintenance medium in the neuron culture.
28|
When the previously cultured hippocampal neurons are at 14 DIV, repeat Steps 8-14 with the second pregnant rat.
29|
Transfer one brain to the SDLS solution in the Petri dish on the dissection scope and use the forceps to remove the meninges from the cerebellum/brain stem, separate the halves (Fig. 1b,f) and place them into 3 ml of the enzyme digestion solution; thereafter, incubate at 37 °C for 15 min. We use 1.5 cerebellums or brain stems for one 24-well plate.
30| Similarly to
Step 20, under the culture hood, add 10 ml of plating medium to a 15-ml conical tube, aspirate the washes, add another 10 ml of plating medium to the tube, aspirate and add a further 10 ml of plating medium. The cerebellum will be dissociated in the last 10 ml.
31| By using a glass pipette and a rubber bulb, pipette the cerebellum and enzyme solution ~40 times until the medium is cloudy.  crItIcal step Ensure that cells are completely dissociated but not lysed.
32|
Spin down cells at 100g with an IEC HN-SII centrifuge for 5 min at room temperature (20-25 °C) and resuspend them in 10 ml of maintenance medium.
33|
Count the cells and dilute the suspension to 10 5 cells per 300 µl.
34|
Add the cell suspension to 14 DIV hippocampal neurons (300 µl per well) dropwise with a 1-ml pipette. Incubate the coculture for 24 h. At this step, we do not purify oligodendrocytes or precursor cells from other cell types in these brain regions, such as astrocytes and neurons. Therefore, this part of the brain that is usually discarded during dissection in the hippocampal neuron culture is used here for making the myelin coculture.
Maintaining the myelin coculture • tIMInG 2-3 weeks 35| After the 24-h incubation, remove 700 µl of medium (to account for the added 300 µl of added cells and 400 µl of the medium normally needed to change) and add 400 µl of the myelin medium.
? trouBlesHootInG
36|
Continue to culture cells and to change myelin medium every 3 d by replacing 250-400 µl of the medium in the wells with fresh myelin medium. In the first week of coculture, we replace 400 µl of medium. In the second week, we replace 300 µl of medium. In the third week, we replace 250 µl of medium.  crItIcal step It is essential to change the myelin medium on time to ensure maximal myelination or full maturation of oligodendrocytes.
? trouBlesHootInG
Troubleshooting advice can be found in table 1.
• tIMInG 
antIcIpateD results
Extensive studies have been done on the development of rodent hippocampal neurons in dissociated culture 2, 29 . The development of hippocampal neurons under our culture conditions is largely consistent with what has been previously published. When initially plated, hippocampal neurons appear like scattered small spheres. About a few hours to half a day after plating, the neurons extend lamella-like short processes around the cell body, called stage 1 (ref. 1). At stage 2 (within 2 DIV), neurites with equal length and large growth cones can be observed. At stage 3 (around 2-3 DIV), one neurite grows much longer than the rest and then becomes the axon. At stage 4 (around 3-7 DIV), dendrites start to grow and branch, whereas the axon continues to grow. At stage 5 (>7 DIV), neurons become mature, synapses start to form and dendritic spines on some neurons can be observed.
Our protocol provides an important advancement to this widely used culture technique. This protocol describes how to induce myelin formation along axons of cultured hippocampal neurons. Oligodendrocytes and precursor cells mixed with other cell types dissociated from cerebellum/brain stem are seeded on hippocampal neurons at 14 DIV, when the neurons are considered mature. Myelin starts to form between 1 and 2 weeks after coculture and gradually increases afterward. Myelin segments shine under the microscope with the transmitted light and are easy to detect. Under our conditions, we have found that myelination reaches its peak after a 3-week coculture. Prolonged incubation does not seem to further increase the formation of myelin segments. However, because our normal experimental time window is within 5-6 weeks, we have not yet extensively tried to optimize the conditions to maintain older cultures. It is possible that with some modification of the protocol these neurons and myelin can survive much longer.
This coculture system is ideal for molecular studies, as both loss-of-function and gain-of-function experiments for hippocampal neurons or oligodendrocytes can be performed. This can be done through transient transfection of vector-based RNAi probes or the coding sequence of a gene of interest 30 , or via viral-mediated infection (Figs. 4 and 5) . The best time for Lipofectamine 2000-mediated transfection to neurons is around 5-7 DIV. Efficiency drops and cell death occurs if neurons The culture conditions are not optimal for oligodendrocyte maturation and differentiation
Increase the coculture time to 3 weeks. The coculture must be fed on time, once every 3 d. Any variation in feeding can markedly decrease the efficiency of myelin formation without apparent cell death older than 10 DIV are transfected. Some constructs can be transfected into young neurons (~7 DIV) using Lipofectamine 2000, and their expressed proteins can persist up to 3 weeks (~28 DIV) until myelination occurs in the coculture, allowing assays to be performed. However, the expression level of some other proteins decreases 10 d after transfection. Therefore, a different approach has to be used. To transfect older neurons (from 10 DIV to 21 DIV), we use the Ca 2 + -phosphate method 32 . When we transfect constructs at 14 DIV, they are likely to persist through the myelination process and become useful for the assay. In addition, the coculture can be used to perform viral-mediated expression or knockdown. So far, AAV has worked the best. In particular, AAV9-GFP seems to efficiently infect maturating oligodendrocytes and expresses GFP in both cell bodies and myelin processes (Fig. 5a,b) .
This coculture system is highly accessible by a variety of different techniques, such as immunostaining, live cell imaging, patch clamp recording, calcium imaging and so on 10, 28, 30 . A major advantage of this system over cultured slices is the easy manipulation of either neurons or myelin-making oligodendrocytes. However, we are continuing to develop this system. It should be a very useful tool to study basic neuroscience questions, such as neuron-glia interaction, as well as to investigate pathogenic mechanisms underlying neurological diseases involving hippocampal myelination and to devise better strategies to treat these diseases. coMpetInG FInancIal Interests The authors declare no competing financial interests.
